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R645techniques. They had previously
shown that mDia1 and APC have
a synergistically positive effect on actin
filament assembly in bulk assays [18].
In the new study, they found that
the APC dimer alone nucleates actin
filaments, and that these filaments
subsequently elongate with a free
barbed end, i.e. away from the site
of interaction of APC with the actin
filament (Figure 1C). APC and mDia1
were required to form a complex in
the early stages of nucleation.
However, during the polymerization
phase, APC and mDia1 dissociated,
with APC remaining in close proximity
to the non-growing end of the filament
(nucleation site) while mDia1 remained
processively attached to the rapidly
elongating end of the filament.
What is striking is how the distinct
properties of the different nucleators
contribute to the assembly of a new
filament. On the one hand, APC is an
efficient nucleator, and ensures that
new filaments are generated even at
high profilin levels, where formins are
less efficient. On the other hand, mDia1
has an independent role in protecting
filament elongation from capping
proteins and in increasing
polymerization rates. Therefore,
formin’s most important role appears
to be regulating elongation rather than
nucleation. However, this study also
does not rule out the possibility that
formin acts in both steps. In addition,
the demonstration that formin has
nucleation activity when associated
with the APC complex would require
careful measurement.
A lot of work remains to be carried
out to understand the collaborative
interplay between nucleators. It will
be critical to understand the similarities
and differences in the mechanisms
of different dual collaborations of actin
nucleators, such as between the
Spir–formin and APC–formin
complexes, and to investigate the
cooperative mechanisms of other actin
regulators that have not been
discussed here, such as VASP, JMY
or Cordon-bleu. Hence, these
and future studies may build upon
the concept that the dual collaboration
of different permutations of actin
nucleators provides a further degree
of complexity and subtlety to the
regulation of the actin cytoskeleton.
These recent studies bring a new
perspective on the role of formins
as elongation factors. Given that the
concentration of elongating filamentends in actin-filament structures in the
cytoplasm is very low in comparison
with the concentration of actin and
other actin-binding proteins, then
presumably the concentration of
formin required to promote elongation
of these ends is very low. Therefore,
it would not be surprising to learn that
formins operate in many other cellular
locations where they have not yet been
detected by normal fluorescence
imaging techniques.
References
1. Chhabra, E.S., and Higgs, H.N. (2007).
The many faces of actin: matching assembly
factors with cellular structures. Nat. Cell Biol. 9,
1110–1121.
2. Pollard, T.D., Blanchoin, L., and Mullins, R.D.
(2000). Molecular mechanisms controlling actin
filament dynamics in nonmuscle cells. Annu.
Rev. Biophys. Biomol. Struct. 29, 545–576.
3. Pollard, T.D. (2007). Regulation of actin filament
assembly by Arp2/3 complex and formins.
Annu. Rev. Biophys. Biomol. Struct. 36,
451–477.
4. Breitsprecher, D., Jaiswal, R., Bombardier, J.P.,
Gould, C.J., Gelles, J., and Goode, B.L. (2012).
Rocket launcher mechanism of collaborative
actin assembly defined by single-molecule
imaging. Science 336, 1164–1168.
5. Block, J., Breitsprecher, D., Kuhn, S.,
Winterhoff, M., Kage, F., Geffers, R., Duwe, P.,
Rohn, J.L., Baum, B., Brakebusch, C., et al.
(2012). FMNL2 drives actin-based protrusion
and migration downstream of Cdc42. Curr.
Biol. 22, 1005–1012.
6. Michelot, A., Guerin, C., Huang, S., Ingouff, M.,
Richard, S., Rodiuc, N., Staiger, C.J., and
Blanchoin, L. (2005). The formin homology 1
domain modulates the actin nucleation and
bundling activity of Arabidopsis FORMIN1.
Plant Cell 17, 2296–2313.
7. Moseley, J.B., and Goode, B.L. (2005).
Differential activities and regulation of
Saccharomyces cerevisiae formin proteins
Bni1 and Bnr1 by Bud6. J. Biol. Chem. 280,
28023–28033.
8. Michelot, A., Derivery, E., Paterski-
Boujemaa, R., Guerin, C., Huang, S., Parcy, F.,
Staiger, C.J., and Blanchoin, L. (2006). A novel
mechanism for the formation of actin-filament
bundles by a nonprocessive formin. Curr. Biol.
16, 1924–1930.9. Chesarone, M.A., DuPage, A.G., and
Goode, B.L. (2010). Unleashing formins
to remodel the actin and microtubule
cytoskeletons. Nat. Rev. Mol. Cell Biol. 11,
62–74.
10. Kovar, D.R., Harris, E.S., Mahaffy, R.,
Higgs, H.N., and Pollard, T.D. (2006). Control of
the assembly of ATP- and ADP-actin by formins
and profilin. Cell 124, 423–435.
11. Yang, C., Czech, L., Gerboth, S., Kojima, S.,
Scita, G., and Svitkina, T. (2007). Novel roles
of formin mDia2 in lamellipodia and filopodia
formation in motile cells. PLoS Biol. 5, e317.
12. Sarmiento, C., Wang, W.G., Dovas, A.,
Yamaguchi, H., Sidani, M., El-Sibai, M.,
DesMarais, V., Holman, H.A., Kitchen, S.,
Backer, J.M., et al. (2008). WASP family
members and formin proteins coordinate
regulation of cell protrusions in carcinoma cells.
J. Cell Biol. 180, 1245–1260.
13. Chesarone, M.A., and Goode, B.L. (2009).
Actin nucleation and elongation factors:
mechanisms and interplay. Curr. Opin. Cell Biol.
21, 28–37.
14. Dahlgaard, K., Raposo, A.A.S.F., Niccoli, T.,
and St Johnston, D. (2007). Capu and spire
assemble a cytoplasmic actin mesh that
maintains microtubule organization in the
Drosophila oocyte. Dev. Cell 13, 539–553.
15. Pfender, S., Kuznetsov, V., Pleiser, S.,
Kerkhoff, E., and Schuh, M. (2011). Spire-type
actin nucleators cooperate with Formin-2 to
drive asymmetric oocyte division. Curr. Biol. 21,
955–960.
16. Schuh, M. (2011). An actin-dependent
mechanism for long-range vesicle transport.
Nat. Cell Biol. 13, 1431–1436.
17. Quinlan, M.E., Heuser, J.E., Kerkhoff, E., and
Mullins, R.D. (2005). Drosophila Spire is an
actin nucleation factor. Nature 433, 382–388.
18. Okada, K., Bartolini, F., Deaconescu, A.M.,
Moseley, J.B., Dogic, Z., Grigorieff, N.,
Gundersen, G.G., and Goode, B.L. (2010).
Adenomatous polyposis coli protein nucleates
actin assembly and synergizes with the formin
mDia1. J. Cell Biol. 189, 1087–1096.
Laboratoire de Physiologie Cellulaire et
Ve´ge´tale, institut de Recherches en




alphee.michelot@cea.frhttp://dx.doi.org/10.1016/j.cub.2012.07.026Plant Development: Should I Stop
or Should I Grow?Plant growth is tightly controlled through the integration of environmental cues
with the physiological status of the seedling. A recent study now proposes
a model explaining how the plant hormone ethylene triggers opposite growth
responses depending on the light environment.Se´verine Lorrain
and Christian Fankhauser
Being sessile, plants adapt to their
surrounding environment by changing
their shape and their development.
Different environmental cues such aslight quantity, quality or temperature
are integrated with the physiological
and hormonal status of the plant to
trigger appropriate organ-and
tissue-specific responses [1]. The
embryonic stem (hypocotyl) of
Arabidopsis thaliana is a good model
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environment and hormones in the
control of growth [2,3]. When seed
germination occurs in darkness (in the
soil), the hypocotyl quickly elongates
to reach the light to allow the seedling
to start its photoautotrophic life style
(de-etiolation) [4]. In direct sunlight
hypocotyl growth slows down and
exhibits a rhythmic pattern controlled
by the circadian clock [3]. Increased
temperature or changes in the light
quality indicative of the presence
of neighbour plants also modulate
the rate of hypocotyl elongation
in de-etiolated seedlings [5–9].
Hypocotyl elongation depends on
the interplay between at least four
different classes of hormone: auxin,
gibberellins, brassinosteroids and
ethylene [2,3]. They each have their
own perception and signalling
pathways; in addition, these pathways
influence each other at different
levels. Furthermore, sensitivity
to one hormone depends on the
physiological status of the seedlings.
This internal/hormonal status of the
seedling is influenced by the
environment, explaining why the effect
of hormone application depends on the
surrounding environment. For instance,
auxin-induced hypocotyl elongation
presents a typical bell-shaped dose
response that is modulated by light
intensity [7,10]. Recent work by Zhong
et al. [11], reported in this issue of
Current Biology, revisits another
environment-dependent hormone
response: the influence of light on
ethylene’s effect on hypocotyl
elongation.
Ethylene is a gaseous hormone well
known for its effect on fruit ripening that
also affects numerous aspects of plant
development [12]. Treatment with an
ethylene precursor triggers two
opposite responses in Arabidopsis
hypocotyls: inhibition of elongation
in the dark and promotion of elongation
in the light. Zhong et al. [11] now show
that the ethylene-induced hypocotyl
elongation requires not only the
presence of light but also a certain
quantity of light since in low fluence
rates or in days with less than eight
hours of light, ethylene treatments
inhibit hypocotyl elongation.
In the search for proteins involved
in this response, Zhong et al. tested
whether the usual suspects linking light
and hypocotyl elongation, the PIFs
(Phytochrome-Interacting Factor),
were involved. These proteins are basichelix-loop-helix (bHLH) transcription
factors that interact with red/far-red
photoreceptors called the
phytochromes [13]. In red-rich
environments typical of direct sunlight
the active phytochromes inhibit the
PIFs through phosphorylation and/or
degradation, leading to reduced
hypocotyl elongation [13]. However,
in conditions where phytochromes
are inactive such as in darkness or in
far-red rich environments (foliar shade),
PIF proteins accumulate and promote
hypocotyl growth. Interestingly,
depending on the stimulus, PIFs either
play redundant, additive or specific
roles. For instance, PIF1, 3, 4 and 5 are
all required to promote full hypocotyl
elongation in the dark [14,15]. Proximity
of neighbour plants is detected through
changes in light quality (red/far-red
ratio) and triggers hypocotyl elongation
that is primarily dependent on PIF7 [9].
In contrast, promotion of hypocotyl
elongation in response to a reduction
of photosynthetically active radiation
(PAR) indicative of direct shading
mainly involves PIF4 and PIF5 [7,16].
In addition to light, a recent finding is
that PIFs are also involved in responses
to temperature. Indeed, enhanced
hypocotyl growth triggered by an
increase in temperature is mediated
by PIF4 in light-grown plants [5,6].
Interestingly, in constant light,
Zhong et al. [11] showed that
ethylene-induced hypocotyl elongation
specifically requires PIF3 and not PIF1,
4 or 5. Ethylene perception directly
activates PIF3 expression through
binding of an ethylene-responsive
transcription factor called EIN3 to the
PIF3 promoter. While PIF3 is required
for ethylene-induced hypocotyl
elongation in the light, it is not involved
in the ethylene response in darkness,
when hypocotyl elongation is inhibited.
This cannot be explained by the
redundant/additive activity of PIFs in
darkness since ethylene still inhibits
hypocotyl growth in a mutant lacking
PIF1, 3, 4 and 5 [11]. However,
a previous study has shown that
over-expression of PIF5 leads to an
overproduction of ethylene and
reduced hypocotyl elongation
specifically in darkness [17]. The
crosstalk between PIFs and ethylene
in the environmental control of growth
may thus be more complex.
The next question is how a hormone
triggers an opposite response in the
same organ depending on the light
environment. It appears that this iscontrolled by the light-environment and
not by the hormone itself, as ethylene
triggers PIF3 expression in the dark
as well as in the light [11]. However,
PIF3 protein accumulation is
light-controlled, with the protein being
more stable in the dark than in the light.
Thus, changes in PIF3 protein
accumulation due to increased gene
expression have a more pronounced
effect (in relative terms) in the light.
But this does not explain why ethylene
perception inhibits hypocotyl
elongation in darkness. Zhong et al.
[11] showed that ERF1, another target
of EIN3, inhibits hypocotyl elongation
and thus the activities of ERF1 and PIF3
antagonize each other. ERF1
expression is induced by ethylene
but the protein is stabilised in the light
and destabilized in darkness (opposite
to PIF3). Furthermore, ERF1
over-expression inhibits hypocotyl
elongation in darkness as well as
in the light. Thus, the PIF3 and the ERF1
pathways are both activated by
ethylene, but depending on the light
environment, one or the other
dominates the growth response.
The balance of these activities, which
is controlled by light, ultimately
determines the effect of ethylene
on hypocotyl elongation [11].
As in many studies, these results
raise new questions, such as whether
the ERF1 and the PIF3 pathways
interact and if so how? Furthermore,
if PIF3 is a major component in
ethylene-mediated hypocotyl growth,
which pathways are downstream of
PIF3? Does PIF3 control the
biosynthesis, transport or signalling of
the growth-promoting hormone auxin
as it has been recently shown in the
case of PIF4, 5 and 7 [7,9,10,18,19]?
The role of PIF3 in ethylene-mediated
hypocotyl growth was analyzed by
artificially increasing ethylene
production, but how do these data
relate to what happens in normal
conditions with physiological levels
of ethylene? One possibility would be
that in darkness, when the soil is
compact, the seedlings produce the
stress hormone ethylene, leading to
a thickening (and reduced lengthening)
of the hypocotyl that may be required
for growth through the soil [12].
In the light, ethylene production
has been shown to occur in shaded
environments [20]; this hormone
production may contribute to the
elongation response typical in shaded
plants by triggering PIF3 expression
Dispatch
R647that is required for full shade-induced
growth [8].References
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